I nterleukin 1 (IL-1) is a pleiotropic cytokine that regulates immune and inflammatory responses by inducing the expression of a variety of pro-inflammatory cytokines and chemokines. IL-1 exerts its pro-inflammatory effects primarily by activating nuclear factor kB (NF-kB) and mitogen-activated protein kinases (MAPKs).
I nterleukin 1 (IL-1) is a pleiotropic cytokine that regulates immune and inflammatory responses by inducing the expression of a variety of pro-inflammatory cytokines and chemokines. IL-1 exerts its pro-inflammatory effects primarily by activating nuclear factor kB (NF-kB) and mitogen-activated protein kinases (MAPKs). 1 After binding to its receptor complex, IL-1R, IL-1 recruits the cytosolic adaptor MyD88 via the Toll-IL-1R domain of IL-1R. 2 MyD88 subsequently recruits the IRAK4 and IRAK1 kinases, resulting in the hyperphosphorylation of IRAK1 by IRAK4. 3 This leads to binding and activation of the E3 ubiquitin ligase TRAF6, which contains a ubiquitinationmediating RING ligase domain.
4 TRAF6 conjugates K63-linked polyubiquitin chains both to itself and to IRAK1, promoting recruitment of the TAK1 kinase, the TAK1-binding proteins TAB2 and TAB3, and the linear ubiquitin assembly complex. Linear ubiquitin assembly complex subsequently generates linear polyubiquitin chains that recruit the kinase IKK ('inhibitor of NF-kB kinase') complex. 5 Subsequently, TRAF6 mediates the attachment to IKKc (a regulatory subunit of the IKK complex) and TAK1 of K63-linked polyubiquitin chains, which leads to the activation of NF-kB and MAPKs. [6] [7] [8] IRF1, IRF3, IRF5 and IRF7 mediate critical Toll-like receptor-and cell-specific regulation of type I interferons. 9, 10 While IL-1 is known to induce expression of IRF1, the roles of IRF1 in IL-1-mediated immune and inflammatory responses, and the mechanisms by which it is activated, remain unknown.
In a recent issue of Nature Immunology, Harikumar et al. 11 demonstrate that IRF1 plays a key role in IL-1-mediated regulation of the expression of the chemokine genes CXCL10 and CCL5, which are 'delayed' IL-1-responsive genes important for sterile inflammation. This cascade requires K63-linked polyubiquitination of IRF1, which is synthesized in response to IL-1. Moreover, the authors showed that the apoptosis inhibitor cIAP2, and the bioactive sphingolipid mediator S1P, are essential for K63-linked polyubiquitination of IRF1. Collectively, these findings identified a new signaling pathway of IL-1 that complements the well-documented NF-kB activation pathways, and which is important for sterile inflammation.
Firstly, the authors demonstrated that in both human and mouse astrocytes, IL-1 induced the expression of CXCL10, CCL5 and IRF1 mRNA, as well as levels of IRF1 protein, which subsequently accumulated in the nuclei of these cells. They proceeded to demonstrate that IL-1 induction of CXCL10 and CCL5 mRNA was almost completely eliminated in IRF1 null mouse embryonic fibroblasts (MEFs), indicating a pivotal role for IRF1 in IL-1 induction of these chemokine genes. Consonant with this, in vivo induction of these chemokines by intraperitoneal administration of IL-1 was abrogated in Irf1 2/2 mice. Interestingly, the same study showed that effective recruitment of mononuclear cells to sites of sterile inflammation required IRF1-dependent expression of CXCL10 and CCL5.
The authors next asked whether activation of IRF1 by IL-1 involved K63-linked polyubiquitination, which had been previously shown to be required for activation of IRF3, IRF5 and IRF7. Transfection experiments using IRF1 combined with wild-type, K63-or K48-linked ubiquitin, indicated that IL-1 stimulation specifically enhanced K63-but not K48-linked polyubiquitination of IRF1, which targets IRF1 for degradation. The authors then identified the E3 ubiquitin ligase that mediated IL-1-induced K63-linked polyubiquitination of IRF1 as cIAP2, an IL-1 activated E3 ligase whose expression is induced by NF-kB. The authors showed that cIAP2 efficiently polyubiquitinated IRF1 in the presence of S1P, a cofactor for the E3 ligase activity of TRAF2, which mediates K63-linked polyubiquitination of RIP1, a signaling mediator in the TNF-initiated pathway. 12 The authors found that in contrast, co-incubation of IRF1 with ubiquitin and the ubiquitin-activating enzymes E1 and E2, together with TRAF2, TRAF6 or cIAP1, failed to generate polyubiquitinated IRF1 in vitro. In addition, S1P, but not structurally related phospholipids, stimulated both total and K63-linked polyubiquitination of IRF1, but not K48-linked polyubiquitination of IRF1, indicating that its stimulatory effect was specific.
To identify the sites of polyubiquitination, the authors next compared induction of an IFN-b reporter gene by a panel of IRF1 KRR mutants and identified K75, K78, K95 and K101 as candidate polyubiquitination residues that were important for IRF1 function. Moreover, IL-1 enhanced ubiquitination of cIAP2 indicated that it activated cIAP2. Based on these results, the authors concluded that K63-linked polyubiquitination was required for activation of IRF1, and that this was mediated by cIAP2 in the presence of S1P.
The authors proceeded to investigate whether cIAP2 and S1P were linked to IL-1-induced signaling, or to activation of IRFs by IL-1R or Toll-like receptors. They found that cIAP2 and SphK1, a sphingosine kinase whose phosphorylation results in local production of S1P, were recruited to IL-1-induced signaling complexes. Moreover, they showed that cIAP2 was specifically recruited by IL-1-activated TRAF6, suggesting that IL-1-induced activation of TRAF6 leads to the recruitment of both cIAP2 and SphK1. The authors further demonstrated that IL-1 stimulated the interaction of cIAP2 with IRF1, suggesting that IRF1 was also recruited to that complex. In concert, these results indicated that IL-1 signaling resulted in recruitment of both SphK1 and cIAP2, which may be important for IRF1 activation. Further studies showed that both SphK1 and cIAP2 were required for IL-1 induction of chemokine-encoding genes. Adding weight to this was the observation that SKI-1, a highly specific small-molecule inhibitor of SphK1, 13 abolished IL-1-induction of CCL5 and CXCL10 at the mRNA and protein levels. Induction of CXCL10 and CCL5 by IL-1, but not IL-6, was abrogated in Sphk1 2/2 mice, and induction of these genes by IL-1 was similarly compromised in cIAP2-deficient (Birc3
) MEFs. By showing that both basal and IL-1-induced polyubiquitination of IRF1 was blocked by SMAC, a mimetic of the caspase activator Smac that effects degradation of both cIAP1 and cIAP2, 14 the authors demonstrated that cIAP2 was required for IL-1-induced polyubiquitination of IRF1. In addition, in showing that IL-1-induced polyubiquitination of IRF1 in wild-type MEFs was lost in Birc3 2/2 MEFs, they confirmed the role of cIAP2 in polyubiquitination of IRF1. Collectively, these results suggested that polyubiquitination of IRF1 was mediated by cIAP2 and resulted in the activation of IRF1 and IRF1-dependent gene expression.
The authors proceeded to demonstrate that S1P bound cIAP2 and promoted K63-mediated polyubiquitination of IRF1. Next, they used immunoprecipitation analysis in tandem with liquid chromatography-electrospray ionizationtandem mass spectrometry to demonstrate that S1P bound to cIAP2 but not to IRF1, an observation confirmed by the binding of 32 P-labeled S1P to recombinant cIAP2. Molecular modeling of the binding of S1P to cIAP2 suggested that S1P binds to a groove in the RING domain of cIAP2. These results were supported by the observations that, compared with wild-type cIAP2, the cIAP2 RING-domain mutants T594A, I595A and K596A exhibited reduced binding to S1P and had reduced in vitro E3 ligase activity toward IRF1.
Taken together, the results of this study identify a previously unrecognized IL-1/IL-1R signaling cascade that mediates activation of newly synthesized This results in recruitment of a series of signaling molecules and consequent activation of MAPKs, followed by translocation of NF-kB to the nucleus where it induces the expression of genes encoding IRF1, cIAP2 and a variety of cytokines. Newly synthesized IRF1 undergoes K63 polyubiquitination with TRAF6-associated cIAP2. This K63-linked polyubiquitination is regulated by S1P, which is generated by SphK1 upon activation of IL-1. Subsequently, IRF1 translocates to the nucleus and activates expression of IRF1-dependent genes, including those encoding chemokines such as CCL5 and CXCL10. MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor kB.
IRF1 and subsequent induction of IRF1-dependent genes in sterile inflammation. Moreover, the study provides evidence that activation of IRF1 requires its K63-linked polyubiquitination, which is mediated by cIAP2, and is dependent upon the production of S1P by SphK1 (Figure 1 ). The novel pathway identified by this study differs from Toll-like receptor, which activate IRF3 and/or IRF7 and recruit inflammatory cells to sites of infection. Given the important role played by IRF1 in the pathogenesis of autoimmune diseases, 15 this newly defined cascade may serve as a novel therapeutic target in such disorders.
